Abstract:
Introduction
In the last few years, many research groups have reported on the influence of metal halide additives on the desorption/absorption properties of MgH 2 . It was shown that the specific surface area increases with increasing metal halide content and time of mechanical milling [1] but that it also depends on the nature of the additive. Additionally, the reaction between F ions in aqueous solution and metal atoms gives a highly reactive and protective fluorinated surface for H uptake [2] . A fluoride layer (MgF 2 ), which is permeable to hydrogen, replaces the surface oxide layer. However, further investigation showed that MgF 2 milled with MgH 2 is less effective than other additives [1, 3] . Moreover, it was demonstrated that the existence of F anions in the investigated composites provides an electron-rich center to trap transition metal cations, which could also tailor the electronic structures of these cations to influence their activity in hydrogen dissociation [4] [5] [6] [7] [8] .
Additionally, it was shown that the transitional metal particles produced by the displacement reaction between metal halide and MgH 2 during mechanical milling enhance the hydrogen desorption [9] [10] [11] .
One very important factor influencing the sorption properties of MgH 2 is the valence state of the metal in the halide [8, 12, 13] . It was observed that after the addition of metal halide to MgH 2 , especially when the metal is in the largest valence state, the catalytic effect is significant [12] .
Iron fluorides added to MgH 2 decrease the hydrogen desorption temperature for MgH 2 [12, 13] , but the mechanism of this effect is still unclear. To elucidate such mechanisms, measurements of the activation energy, enthalpy and entropy of decomposition as well as phase
The hydrogenation properties of magnesium hydride mechanically milled with iron fluorides (FeF 2 and FeF 3 ), were investigated by Temperature Programmed Desorption (TPD) and volumetric methods using a Sieverts-type apparatus, as prepared upon dehydrogenation and finally upon subsequent hydrogenation. The activation energy of hydrogen desorption (E a ), calculated from the Kissinger formula using TPD measurements obtained with different heating rates, showed significant decreases of E a in comparison to that of milled MgH 2 without any dopants. Moreover, the influence of these metal fluorides on the thermodynamics of the decomposition process was also examined. In the case of the FeF 2 dopant, rehydrogenation following desorption caused the complete decomposition of the iron fluoride to BCC iron and the formation of a predominant MgH 2 phase. In contrast to FeF 2 , the addition of FeF 3 led to the formation of β-MgH 2 as a major phase coexisting with Mg 2 FeH 6 and MgF 2 compounds. The presence of pure Fe in the MgH 2 +FeF 2 composite, as opposed to MgH 2 +FeF 3 containing Mg 2 FeH 6 and MgF 2 , did not cause any significant influence on the sorption properties of MgH 2 . Moreover, the original material doped with FeF 3 predominantly showed iron in the Mg 2 FeH 6 compound, while the FeF 2 dopant iron mostly showed the nearly pure BCC metallic phase.
analysis were performed. This paper is devoted to the mechanical milling process of MgH 2 and either FeF 2 or FeF 3 . Subsequently, the material was dehydrogenated and hydrogenated. X-ray diffraction patterns were obtained after each of the above steps.
Experimental Procedure
Commercial MgH 2 powder (Alfa Aesar, 99.8% purity) with 7 wt.% of either FeF 2 or FeF 3 (Sigma Aldrich, 98% purity) as well as 14 wt.% of FeF 3 was mechanically milled using a Fritsch P6 planetary mill for one hour under high-purity argon (99.999% purity, H 2 O and O 2 below 1 ppm each). The total mass of each sample was 5 g. All samples were loaded with thirty 10-mm-diameter stainless steel balls into 80-ml vials made of stainless steel. The ball-to-powder mass ratio was about 25, and the vial was rotated at 650 rpm. Starting materials and powders after milling were stored under argon atmospheres with oxygen and water vapor contents below 0.1 ppm each.
The X-ray diffraction patterns for all of the investigated powder samples were recorded with a Rigaku Ultima IV diffractometer, using CuKα radiation with the operating parameters of 40 mA and 40 kV. The scanning speed was 5º min -1 with a step size of 0.02º. It should be noted that the powder samples investigated in the X-ray diffractometer were simply mounted in the respective holders in air without using any dedicated environmental holders.
The desorption properties of the hydrogenated composites were examined by the temperature programmed desorption (TPD) method with an HTP1-S analyzer coupled with a quadrupole mass spectrometer (Hiden Analytical). The samples were heated with a linear heating ramp rate of 2, 5, 10, 15, 20 or 25ºC min -1 from 25 to 450ºC under a 99.999% pure helium flow. Additionally, the activation energy of MgH 2 decomposition was evaluated by the TPD method using the Kissinger formula.
A dehydrogenation kinetics test was carried out at 325ºC for 10 minutes under 1 bar of hydrogen pressure. Subsequent hydrogenation was performed at the same temperature and for the same time interval under 10 bars of hydrogen pressure (99.9999% purity).
The desorption/absorption isotherms were obtained at temperatures of 300, 315, 325 and 350ºC. The pressure and temperature measurement accuracies were ±0.05% of range for set-point regulation and ±1ºC, respectively. The working pressures for the absorption and desorption were in the ranges from 10 to 9000 mbar and from 9000 to 50 mbar, respectively. Each curve required approximately 20 points. The minimum time to reach equilibrium condition for each point was 15 min, and the stopping times were 60 min.
Results and Discussion

3.1.
X-ray diffraction patterns are shown in Fig. 1 . The dehydrogenated material doped with FeF 2 (Fig. 1a-I) contains the principal Mg phase and some α-Fe formed as a result of FeF 2 decomposition. The subsequent hydrogenation results in the formation of β-MgH 2 and the presence of α-Fe. The dehydrogenated material with FeF 3 additive (Fig. 1b-II ), like that with FeF 2 , contains only Mg and α-Fe phases. However, after sample recharging (Fig. 1b-II) , there is no crystalline iron as reported previously, but instead one can see a small amount of Mg 2 FeH 6 , which is in agreement with the results presented in other papers [14] [15] [16] . To clarify the influence of iron fluoride characterized by the highest state of oxidation (FeF 3 ) on the MgH 2 +FeF x composite structure, the mixture with the higher content (14 wt.%) of this halide additive was investigated. The XRD analysis (Fig. 1c-II) shows peaks related to the presence of the Mg, MgF 2 and Fe phases, confirming MgF 2 decomposition after the first desorption test. Subsequent sample recharging caused the formation of MgH 2 , Mg 2 FeH 6 and Fe phases (Fig. 1c-III) . The presence of unreacted iron suggests that the first desorption/absorption cycle only partially transforms Fe into Mg 2 FeH 6 . We suggest that for the MgH 2 with FeF 3 additives, the following two-step reactions are possible during the desorption/absorption cycle: 3MgH 2 + 2FeF 3 → 3MgF 2 + 2Fe + 3H 2 (1);
This is in agreement with Jin et al. [13] . These reactions suggest that FeF 3 fluoride decomposes during the desorption process and that a MgF 2 phase is formed (Eq. 1), which is in agreement with [4, 10, 11, 13] .
According to Yavari et al. [10] , even mechanical milling starts the transfer of F from metal halide to MgF 2 and simultaneously leads to a decrease in FeF 3 content, which is clearly indicated in Eq. 1. The formation of Mg 2 FeH 6 according to the mentioned reaction is in agreement with [13] .
The influence of iron fluoride additives on the phase composition of MgH 2 -FeF x composites after desorption and absorption cycles
In addition, the XRD measurements show that the FeF 3 dopant causes the continued transfer of F atoms to MgF 2 and the formation of a Mg 2 FeH 6 phase during the desorption and following absorption cycles. Additionally, the presence of the ternary hydride reduces the catalytic effect of the iron fluorides by its stability. At the same time, the Fe atoms may play a catalytic role as long as all iron will react, creating the ternary hydride.
3.2.
The activation energies of the decomposition process of MgH 2 with iron fluoride additives were measured by the TPD method. Figs. 2a and 2b present the TPD curves of MgH 2 milled with FeF 2 and FeF 3 additives, respectively, with different heating rates. The activation energies of both composites were experimentally determined using Kissinger's method based on TPD data taken at 2, 5, 10, 15, 20 and 25ºC min -1 heating rates and correlated to the hydrogen release peak temperatures. For the FeF 2 and FeF 3 dopants, the activation energies and their uncertainty were 68.5±0.1 and 69.3±0.1 kJ mol -1 H 2 , Figure 1 . XRD diffraction patterns of MgH 2 : (a) milled with 7 wt.% of FeF 2 , where I is after the decomposition process and II is after rehydrogenation; (b) milled with 7 wt.% of FeF 3 , where I is after the decomposition process and II is after rehydrogenation; (c) with 14 wt.% of FeF 3 , where I is after mixing, II is after milling and desorption and III is after rehydrogenation. respectively. In comparison to the as-milled MgH 2 , for which the activation energy was about 152 kJ mol -1 H 2 , the iron fluorides evidently had catalytic effects in lowering the decomposition temperature. Such a significant influence of these compounds may be a result of the presence of F atoms in the composite, which weakens Mg-H bonding, as well as the presence of Fe atoms, which can facilitate the dissociation of H 2 molecules. The difference in hydrogen desorption temperatures between both investigated composites was about 25ºC, with the lower temperature being for the FeF 2 additive (~150 and 80ºC lower than the as-received and milled MgH 2 , respectively).
The influences of the iron fluorides on the absorption/ desorption kinetics of MgH 2 at 325ºC are presented in Fig. 3 . It is shown that these additives act to significantly improve the kinetics of MgH 2 . The FeF 2 and FeF 3 (7 wt.%) led to hydrogen absorption at similar times of ~10 min and caused absorptions of 6.2 and 5.9 wt.% of hydrogen, respectively. Additionally, the desorption processes were also similar.
To better understand the function of iron additives, the entropy and enthalpy of the decomposition reactions were estimated. In Fig. 4 , the P-C-T curves of hydrogen absorption-desorption for MgH 2 milled with dopants at various temperatures (300, 315, 325 and 350ºC) are presented. The solid and broken lines are the absorption and desorption isotherms, respectively. Using the mid-plateau desorption/absorption pressure at different temperatures and applying the van't Hoff equation, expressed as ln p versus 1/T, the formation enthalpy and entropy of the hydride were calculated. The changes in formation enthalpy (∆H) 
Conclusions
MgH 2 +FeF x composites obtained by ball milling, are characterized by much lower energies of activation of magnesium hydride decomposition than MgH 2 milled without any additives. Moreover, the iron formed after iron fluoride decomposition, exhibits a catalytic influence on the hydrogenation properties of MgH 2 by decreasing the activation energy, regardless of almost unchanged values for the enthalpy and entropy of MgH 2 formation. The insignificant increase in the enthalpy for the MgH 2 +FeF 3 composite is most likely related to Mg 2 FeH 6 formation.
Iron fluorides with lower or higher valence states of Fe (FeF 2 and FeF 3 ) are characterized by comparable influences on the improvement of MgH 2 sorption properties.
